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Introduction
Constructing chronologies by transforming 14 C ages of dated samples into 'real' calendar ages can be problematic, principally because 14 C age has a non-linear relationship with calendar age (see Fig. 1a ). Sometimes the 14 C calibration curve INTCAL98 (Stuiver et al., 1998) , largely based on dendrochronology, shows pronounced excursions (wiggles); at other times, the slope of the 14 C calibration curve is almost flat (plateaux). Both phenomena result in a large range of probable calendar ages of 14 C dates. Local conditions (e.g., hard-water effect, fungal contamination, choice of organic component) can cause 14 C ages of dated samples to appear up to several hundreds of years too old or too young (e.g., Kilian et al., 1995 Kilian et al., , 2000 Shore et al., 1995; Wohlfarth et al., 1998; Nilsson et al., 2001) .
Another cause of uncertainty about the correctness of a chronology can be the decision of how to estimate ages of the non-dated levels in deposits with an unknown accumulation history, such as peat or lake sediments (e.g. Bennett, 1994) . Hiatuses or changes in accumulation rate could have occurred, and should be taken into account when constructing a chronology. In some studies, for constructing a chronology 14 C dates are calibrated, whereas on other occasions they are not. Sometimes, a linear relationship between depth and time is assumed. In other studies an exponential or higher polynomial relation is assumed (Bennett, 1994; Kilian et al., 2000) (regression, drawing the 'best' line that runs through the 14 C dates). Another approach is to connect all midpoints of adjacent 14 C dates with lines (linear interpolation), thus changing the apparent accumulation rate after each dated level.
By calibrating individual 14 C dates, the above-mentioned problems can result in erroneous or imprecise chronologies. With our approach of wiggle-match dating (WMD), however, we are often able to circumvent the problems mentioned above and create a more precise chronology. In this paper, we discuss WMD, and explore its advantages and limitations.
Carbon-14 calibration
In order to create a chronology, usually individual 14 C dates are calibrated, using software such as OxCal (Bronk Ramsey, 1998 . The outcome of this calibration is a probability distribution of the 14 C date along the calendar axis. During periods where the 14 C calibration curve shows a steep decline, calibration is relatively straightforward as the resulting probability distribution on the calendar scale shows only a small range. When a 14 C date has the age of a plateau in the 14 C calibration curve, however, the resulting range of probable calendar ages can be very large (up to 350 yr for 14 C dates around 2400 yr BP). In addition, the same 14 C age often appears several times in the 14 C calibration curve (wiggles). If this is the case, calibration results in several optima in the probability distribution on the calendar scale.
After calibrating each individual 14 C date, the midpoint of the total error range (one or two standard deviations) on the calendar scale of every individual calibrated 14 C date is usually taken as the most probable date. In many cases, this midpoint does not match with one of the local maxima in the probability distribution on the calendar scale.
For obtaining an approximate chronology, the approach of calibration often works well. When a more precise and highresolution chronology is aimed at, detailed information stored in the 14 C calibration curve can be lost by simply calibrating.
Carbon-14 wiggle-match dating By 14 C wiggle-match dating peat deposits, the wiggles in the 14 C calibration curve can be used for constructing a more precise chronology (e.g. Pearson, 1986; van Geel and Mook, 1989; Kilian et al., 1995; Speranza et al., 2000; Mauquoy et al., 2002) . The rationale behind the procedure is that plants that were growing on the surface of peat bogs recorded the same fluctuations in atmospheric 14 C concentrations as the trees that were used for the construction of the 14 C calibration curve. Wiggles found in the dendrochronologically dated 14 C calibration curve, caused by changes in atmospheric 14 C concentration, will therefore also show up in 14 C sequences of peat deposits. The wiggles found in a sequence can then be matched to those of the 14 C calibration curve, as explained below.
In order to identify wiggles in a 14 C sequence of a peat core, and to match them to the wiggles of the 14 C calibration curve, large amounts of closely spaced 14 C samples have to be dated. These (uncalibrated) 14 C-dated levels are then translated directly from their depths into calendar ages, assuming a linear accumulation rate. Other, more complex accumulation models could be used, but we find that in most cases the simple assumption of linear accumulation rate over limited intervals results in a satisfactory, statistically allowable fit. The assumption of linear accumulation should, however, only be made if not contradicted by, for example, stratigraphy. The sequence of 14 C dates is plotted together with a relevant part of the 14 C calibration curve. Now, by adjusting the depth scale, the sequence is stretched or compressed and shifted on the calendar age scale such that the 14 C ages of the sequence match those of the 14 C calibration curve as well as possible.
The best fit can be found using a numerical approach. The procedures of this approach are described in detail by Blaauw et al. (2003) . In the present paper only a short description of the approach will be given. A calendar age is assigned to every 14 C dated level of a sequence by choosing values of the parameters (accumulation rate in yr cm À1 ) and (placement on the calendar age) in the formula 'calendar age ¼ Â depth þ '. The 14 C age of every sample is then compared with the 14 C age of the 14 C calibration curve corresponding with the obtained calendar age. Tens of thousands of combinations of the parameters and are chosen by the computer in a systematic way, and corresponding goodness-of-fit values are calculated.
The goodness-of-fit of the 14 C dates of the sequence with those of the 14 C calibration curve is measured in two ways. One is based on minimalisation of weighted squares: by adapting the parameters and , the smallest possible 'total vertical distance' between all 14 C dates of the sequence and those of the 14 C calibration curve is sought, taking error bars into account (cf. Pearson, 1986 ). The other is based on maximising the product of probability densities: the probability densities of all 14 C dates on the calendar age scale are determined (in the same way as individual 14 C dates are calibrated), the height of the probability density at the calendar age assigned to every 14 C dated level is then calculated, and finally all 'heights' are multiplied (P). The combination of the parameters and that gives the highest value of P is considered to provide the most likely chronology.
Until now single calendar year ages (point estimates) were assigned to depths of 14 C wiggle-match dated peat sequences (Pilcher et al., 1995; Kilian et al., 1995 Kilian et al., , 2000 Speranza et al., 2000; Mauquoy et al., 2002) . Clearly, WMD cannot provide chronologies with 1-yr precision because: (i) the 14 C calibration curve most often has decadal resolution, (ii) 14 C dates are measurements with error bars, (iii) even thin peat slices (e.g. 1 cm) have accumulated in more than 1 yr, and (iv) often the assumption of a linear accumulation rate is most probably an oversimplification. Using the numerical approach mentioned above, confidence intervals can be given to WMD chronologies (Blaauw et al., 2003) . In all peat cores studied so far with this approach, average 1 calendar age confidence intervals were smaller using WMD than when calibrating individual 14 C dates. C age, see Table 1 ; for details of the core see Blaauw et al., 2003, in press ) together with the relevant part of the INTCAL98 14 C calibration curve (lines without symbols indicate the 1 standard deviation error range). In (a), the entire 14 C sequence is plotted without division into subsets. In (b), the sequence is divided into three subsets, based on information from the stratigraphy. At the two levels where the subsets have been divided, major peaks of macroscopic charcoal were found. These were considered to indicate gaps in the record. Every subset has been stretched or compressed and shifted on the calendar time axis in order to fit the C-AMS value was extremely negative; an indication that the sample was too small for successful analysis).
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The success of WMD depends on the shape of the 14 C calibration curve during the period considered. All high-resolution WMD peat cores published to date focused on periods with major wiggles in the 14 C calibration curve (Kilian et al., 1995 (Kilian et al., , 2000 Speranza et al., 2000; Mauquoy et al., 2002) . During major wiggles, precision obtained by WMD can be high. However, during some periods of the Holocene, the 14 C calibration curve shows less pronounced excursions. As a consequence, in these cases WMD does not necessarily result in a unique solution; large ranges of possible accumulation rates and positions on the calendar scale are possible. Although during such periods WMD is less successful, precision is still higher than with calibration of individual 14 C dates (Blaauw et al., 2003) .
For long sequences, the assumption of a constant accumulation rate for the entire sequence of radiocarbon dates often results in an unsatisfactory wiggle-match. In these cases it is necessary to divide the sequence into separate sections that can be assumed to have had approximately constant accumulation rates. Subsets of 14 C dates from each section can then be wiggle-matched separately. The division of the subsets should be based on events in the stratigraphy, for example, indications of hiatuses, or changes in lithology, pollen concentration or bulk density.
Wiggle-match dating allows the recognition of a 14 C reservoir effect. If necessary, a correction can be made for such an effect. Kilian et al. (1995) found that high-resolution sequences of 14 C bulk dates of raised bog peat often follow the shape of the 14 C calibration curve, but can be matched only when a reservoir effect ( 14 C dates appear up to several centuries too old) is taken into account. The same appears to be true for 14 C dates of Sphagnum samples that are not 100% cleaned of, for example, rootlets or fungal remains (Kilian et al., 1995 (Kilian et al., , 2000 Speranza et al., 2000) . It would not have been possible to identify this reservoir effect if the 14 C dates had been calibrated instead of wiggle-matched. Recognition of a reservoir effect is important, because calibration of dates having a reservoir effect may lead to serious errors in the radiocarbon chronology. In order to avoid reservoir ages, we date selected and thoroughly cleaned above-ground plant remains only. As these samples are often very small, they can be dated only with 14 C AMS and not with conventional 14 C dating. The wiggles in the 14 C calibration curve as well as in 14 C sequences of cores from raised bog deposits were caused by changes in atmospheric 14 C content (Á 14 C). Therefore, WMD provides a direct temporal link between observed environmental changes in peat cores and Á 14 C. Van Geel et al. (1998) , Blaauw et al. (in press ), Mauquoy et al. (2002) and Speranza et al. (2002) show that large increases in Á 14 C (sharp decreases in solar activity) during the Holocene were often coeval with wet-shifts in northwest European bogs. As WMD provides a chronology based on calendar years, comparison with other precisely dated climate proxy records is possible.
A case study
As a case study, WMD results of a new high-resolution 14 C AMS dated sequence, Eng-XV (sampled from Engbertsdijksvenen, eastern Netherlands), are presented (Table 1; for details see Blaauw et al., 2003, in press ). The uncalibrated 14 C dates of core Eng-XV were plotted together with a part of the 14 C calibration curve (Fig. 1a) . For calendar year period from ca. 950 to 350 BC there was a good match, but it is clear that the earlier part of the core had a lower peat accumulation rate. Moreover, there were indications of gaps (peaks of macroscopic charcoal). When the sequence was divided into subsets on the basis of stratigraphy (charcoal levels and composition of local peatforming vegetation), and when these subsets were wigglematch dated individually, a satisfactory, statistically acceptable composite WMD was obtained (Fig. 1b) . Best fits were calculated based on the numerical approach described above.
There were many ways to wiggle-match the lower subset because during this period there were no major wiggles in the 14 C calibration curve (a large range of accumulation rates and shifts on the calendar time-scale was possible; Blaauw et al., 2003; see Fig. 2) . The range of possible wiggle-match fits for the middle subset was smaller: although there were no major wiggles or plateaux here, the 14 C calibration curve was steeper than during the preceding period. In this case one can speak of ' 14 C curve-matching' instead of ' 14 C wiggle-matching'. The upper subset fitted with a plateau in the 14 C calibration curve and with its surrounding steep parts, and showed a very good fit; here only a very small range of fits was possible.
As mentioned above, Kilian et al. (1995 Kilian et al. ( , 2000 found a reservoir effect in 14 C dates when samples consisted of bulk material or of above-ground macrofossils that were not 100% cleaned of ericaceous rootlets. Therefore from core Eng-XV only aboveground plant remains (such as branches, leaves and seeds) were selected and the samples were thoroughly cleaned of any visible contamination. No reservoir effect was apparent in the plateau-part of core Eng-XV; this was probably owing to the fact that the 14 C samples were very clean. Several of the wet-shifts identified from changes in local vegetation composition of core Eng-XV were coeval with Fig. 1. (a) gives the best fit, but the other solutions also are statistically possible (1 standard deviation; Blaauw et al., 2003) decreases in solar activity (recorded as peaks in the Á 14 C record; Blaauw et al., in press ).
Conclusions
When 14 C dates are calibrated individually, plateaux and wiggles in the 14 C calibration curve cause imprecise and inaccurate calendar age chronologies. However, when using WMD, these plateaux and wiggles can help in obtaining a precise and accurate chronology. Calendar ages assigned to wiggle-match dated levels are not point values; the precision of WMD chronologies can be assessed using a numerical approach.
By dating large numbers of closely spaced 14 C samples, it becomes possible to identify hiatuses and changes in accumulation rate in a peat deposit. With WMD, sequences are divided into subsets at occasions of such accumulation-rate changes.
The approach of wiggle-match dating works less well during periods without pronounced wiggles in the 14 C calibration curve. In this case there is no unique WMD solution, although precision of WMD is still higher than when individual 14 C dates are calibrated.
Calibration of individual 14 C dates that have a reservoir effect may cause serious chronology errors. However, WMD allows the recognition of a reservoir effect during periods with plateaux and wiggles in the 14 C calibration curve (Kilian et al., 1995) .
We are aware of the fact that our assumption of linear accumulation of peat sequences is an oversimplification. However, any other growth model, such as connecting midpoints of calibrated 14 C dates, Bayesian statistics (Bronk Ramsey, 1998), supposed constant pollen-influx (Middeldorp, 1982; Speranza et al., 2000) or running higher order polynomials through a set of calibrated (e.g. Bennett, 1994) or non-calibrated (e.g. Pilcher et al., 1995; Oldfield et al., 1997) 14 C dates, also makes use of assumptions. The simple assumption of linear accumulation of a sequence over short intervals often resulted in a highly satisfactory 14 C wiggle-match. We claim that in such cases more 'sophisticated' growth models are not necessary as they rely on more assumptions.
A disadvantage of WMD is that the collection of high numbers of 14 C dates is time-consuming and expensive. Great care should be taken to select only suitable above-ground macrofossil remains and to clean the samples thoroughly (Kilian et al., 1995 (Kilian et al., , 2000 . As the resulting samples are often very small, conventional 14 C dating is not possible and AMS 14 C dating should be used.
